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We perform a systematical investigation of the doubly charmed dibaryon system with quantum numbers
IJ = 01 and strangeness numbers S = 0, —2, and —4 in the framework of the chiral quark model. Two
resonance states with strangeness numbers S = —2 are obtained in the AQ,. scattering channel: the ;.2
state with resonance mass 5081 MeV and decay width 0.3 MeV, and the Z}E,. state with mass 5213 MeV
and decay width 19.8 MeV. These two predicted charmed dibaryon candidates are worth searching for
experimentally. Besides this, we would like to emphasize that the multichannel coupling calculation is
important for confirming the existence of multiquark states. The coupling can shift the energy of the
resonance, give width to the resonance, and even destroy the resonance. Therefore, to provide the necessary
information for experiments to search for exotic hadron states, the coupling calculation between the bound

channels and open channels is indispensable.
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I. INTRODUCTION

Exploring the interactions between hadrons and the quest
for exotic hadron states represent pivotal areas of inquiry in
hadron physics. The study of hadron spectroscopy is a hot
topic in particle physics research, with the study of double-
heavy baryons being an important branch within this field.
A long-standing challenge in this field has been the pursuit
of dibaryons, with the notable discovery of the deuteron in
1932 marking a significant milestone [1]. In 2014, the Wide
Angle Shower Apparatus (WASA) detector at the Cooler
Synchrotron (COSY) [2,3] Collaboration established the
narrow resonance state d* with I(JF) = 0(3T), giving
the first clear-cut experimental evidence for the existence
of a true dibaryon resonance [4]. The d4*(2380) could
potentially be interpreted as either a AA dibaryon state
or a six-quark configuration, sparking extensive theoretical
investigations across various theoretical approaches [5-8].
However, there are also alternative explanations, such as
invoking the triangle singularity mechanism to account for
the d*(2380) [9,10].
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For the strange dibaryon, the progress of the NQ
searches in the experiment attracted more and more
attention for this state, which was observed in Au + Au
collisions by the STAR experiment at the Relativistic
Heavy Ion Collider (RHIC) [11]. And before that, the
dibaryon NQ was investigated by different theoretical
methods, such as quark models [12-16] and the lattice
QCD [17,18]. With the discovery of baryons with heavy
quarks [19-22], especially the exploration of charmed
dibaryons has been significantly inspired by the experi-
mental detection of the doubly charmed baryon, denoted
as E.., by the Large Hadron Collider beauty (LHCb)
Collaboration [23]. This observation has opened new
avenues for understanding the behavior of hadrons with
heavy quarks.

For the heavy-quark-containing dibaryons, the NA,
system, which features a single heavy quark, has been
examined from both the hadron level [24] and the quark
level [25]. The dibaryon systems with two heavy quarks
were researched in the one-pion-exchange model [26],
which indicates that a molecular bound state of two A,’s is
possible, where the tensor force plays a crucial role,
although the binding energies are sensitive to the cutoff
parameter. In Ref. [27], the authors conduct a comprehen-
sive investigation into the potential formation of loosely
bound states, which are composed of either two charmed
baryons or a charmed baryon and its antiparticle. This study
is undertaken within the theoretical framework of the one-
boson-exchange model. The numerical outcomes of their
research suggest the nonexistence of the H-dibaryon-like
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state, specifically the A,.A,, and the possibility of the
existence of four loosely bound deuteron-like states for the
E.E. and ELE! systems with small binding energies and
large rms radii. Within the framework of the one-pion-
exchange model [28], the researchers investigate the
possible molecules composed of two heavy flavor baryons
such as ApBy (where Q = b, ¢), and they come to the
conclusion that the long-range 7 exchange force is strong
enough to form molecules. NE.., NE:., and X X7 were
obtained by Ref. [29] within the framework of the quark
delocalization color screening model (QDCSM). Zhi-Gang
Wang and colleagues have identified indications of X X,
and ¥ . states with varying quantum numbers through
the application of quantum chromodynamics (QCD) sum
rules [30]. Xiang Liu et al [31], leveraging distinct
symmetry principles, have delved into the study of doubly
charmed dibaryon states characterized by the (gqqqgcc)
configuration. Their analysis suggests the potential exist-
ence of narrow, or even stable, states that are impervious to
decay via strong interaction processes. Furthermore,
numerous models have also been employed to investigate
this system, including string theory [32], the Bethe-Salpeter
equation [33], chiral effective field theory [34], and lattice
QCD [35,36].

Besides this, the dibaryon systems with three heavy
quarks were also investigated from lattice QCD [37],
the QCD sum rule [38], the one-boson-exchange model
[39,40], and the quark model [41]. In Refs. [42,43], the
deuteron-like states composed of two doubly charmed
baryons Z..E. and Z.Z. were systematically studied
within the one-boson-exchange model. In addition,
research on fully heavy dibaryon states has been emerging
consistently [44-47].

Quantum chromodynamics (QCD) is a theory describ-
ing strong interactions based on regular field theory. The
equivalent degrees of freedom are quarks and gluons, and
QCD is asymptotically free at high energies and can be
solved precisely by perturbation theory. Generally, had-
ronic structure and hadron interactions belong to the low-
energy physics of QCD, which are much harder to
calculate directly from QCD because of the nonpertur-
bative nature of QCD. One must rely on effective theories
or models inspired by QCD to gain insight into the
phenomena of the hadronic world. The constituent quark
model is one of them, which transforms the complicated
interactions between current quarks into dynamic proper-
ties of constituent quarks. The chiral quark model
(ChQM) is a typical case of the constituent quark model.
The ChQM was successfully used to calculate mesons
[48,49], baryons, tetraquarks [50,51], pentaquarks [52],
and dibaryons [15]. In particular, for dibaryon systems,
the ChQM is able to calculate the dibaryon systems from
light to heavy quarks very well, including nucleon-
nucleon interaction [53], NQ [15], and the fully heavy

dibaryon systems [47], which is consistent with the
results of the lattice QCD.

Before undertaking this work, we had already inves-
tigated dibaryon states containing a single charm quark,
predicting the possible existence of singly charmed
dibaryon states [54]. Building on this foundation, the main
focus of this paper is to study dibaryon states containing
two charm quarks, providing theoretical support for the
experimental search for double-charmed states. In the
present work, we systematically investigate the doubly
charmed dibaryons in the ChQM, where the effective
potential between two baryons is evaluated, and the search
of possible bound states is performed with the coupled
channel effects. Moreover, based on the conservation of the
quantum numbers and the limitation of the phase space,
we also study the baryon-baryon scattering process to look
for the existence of any resonance states in the doubly
charmed dibaryon systems.

The structure of this paper is as follows: A brief
introduction of the quark model and calculation methods
are given in Sec. II. Section III is devoted to numerical
results and discussions. Section IV is a summary, followed
by the Appendix, which shows the method of constructing
wave functions.

II. QUARK MODEL AND CALCULATION
METHODS

A phenomenological model is an important tool to
analyze the nature of multiquark states. Here, the chiral
quark model (ChQM) is used to study the singly charmed
dibaryon systems with /J = 01. In addition, the six-body
problem is transformed into a two-body problem by using
the resonance group method (RGM) for simplified
calculations.

A. The chiral quark model

This model has become one of the most common
approaches to describe hadron spectra, hadron-hadron
interactions, and multiquark states [55]. The construction
of the ChQM is based on the breaking of chiral symmetry
dynamics [51,56]. The model mainly uses one-gluon-
exchange potential to describe the short-range interactions,
a o-meson exchange potential (only between u and d
quarks) to provide the mid-range attractions, and Goldstone
boson exchange potential for the long-range effects [57]. In
addition to the Goldstone boson exchange, there are addi-
tional D mesons that can be exchanged between u/d and ¢
quarks, D, mesons that can be exchanged between s and ¢
quarks, and #,.’s that can be exchanged between any two
from among u, d, s, and ¢ quarks. In order to incorporate
the charm quark well and study the effect of the D, Dy, 5,
meson exchange interaction, we extend the model to SU(4)
and add the interaction of these heavy meson interactions.
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The extension is made in the spirit of the phenomenological approach of Refs. [58,59]. The detail of ChQM used in the
present work can be found in Refs. [48,60,61]. In the following, only the Hamiltonian and parameters are given:

6 2
pi (4
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VOGE(r. VY =—aqd A |——= [ — +— L INS(r) ————— S0, 3
(rlj) 40(5 it A [l‘ij 3 <m12 + m3 3m[mj (7’1/) 4mimjr?j ij ( )
2 2
c _ gch Aﬁmﬁ Ao—
Vo(ry) = T A —m? |:Y(mrrrij) _m_ﬁY(Aarij)] (4)
3 7
VOBE(rij) = U”(r,-j) ZA? . Ar? + UK(}’U) lea . A«? + U”(rij) |:(}u? . Af) COS QP - (}u? . A«?) Sinepj|
a=1 a=4
12 14
0P (ri) Y AL AL+ 0P (i) DAL AT 4 v (rp AN AL, (5)
a=9 a=13
2 2 2 3 3
9g; m A A A
v (rij) = —4_,: 12m)»{m‘mmﬂf{ [Y(mﬂij) - WY(NU)}% 0+ [HWNU) - ﬁH(A’ij)] Si]}/lf A5
ittty 7 ¥4 x
x=nK,nD,Dgn,, (6)
(6i-rij)(e;-1ry;) 1
S, = j > j ol ~3%i°0;. (7)
1

Here, T is the kinetic energy of the center of mass, and S;;
is the quark tensor operator. We only consider the S-wave
systems at present, so the tensor force does not work here.
Y(x) and H(x) are standard Yukawa functions [55]; a,,, is
the chiral coupling constant, determined as usual from the
z-nucleon coupling constant; and «, is the quark-gluon
coupling constant [48]. Here, m,, is the mass of the mesons,
which is an experimental value, and A){ is the cutoff
parameter of different mesons, which can refer to
Ref. [29]. The coupling constant g, for a scalar chiral
field is determined from the NNz coupling constant
through

@ _ E 2 9721NN mg.d (8)
A 5 4z mlzv '

All other symbols have their usual meanings.

All parameters were determined by fitting the masses of
the baryons of light and heavy flavors. The model param-
eters and the fitting masses of baryons are shown in Tables I
and II, respectively.

B. Calculation methods

In this work, the RGM [63] is used to carry out a
dynamical calculation. In the framework of the RGM,
which splits the dibaryon system into two clusters by
expanding the relative motion wave function between two
clusters in the RGM equation by Gaussians, the integro-
differential equation of the RGM can be reduced to an
algebraic equation, which is the generalized eigenequation.
Then, by solving the eigenequation, the energy of the
system can be obtained. Besides, to keep the matrix

TABLE I. Model parameters.
mg me my,
b (fm) m,y MeV) (MeV) MeV) (MeV)
ChQM  0.52088 313 590 1700 5105
a, Vo as,, a,, ay.,
(MeV fm~2) (fm?)
ChQM  49.350 —1.0783  0.67321 0.85644 0.71477
Sqe asu. ax( -
ChQM  0.59301 0.60775 1.0807
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TABLE II. The calculated masses (in MeV) of the baryons in
ChQM. Experimental values are taken from the Particle Data
Group (PDG) [62].

N A A ) oy Q
ChQM 933 1254 1100 1201 1370 1664
Experiment 939 1233 1116 1189 1315 1672
2 X A, . o E,
ChQM 1338 1507 2225 2416 2449 245
Experiment 1385 1530 2286 2455 2520 2470
Ee Ee Eee Q. Q7
ChQM 2546 2571 3493 2696 2714
Experiment 2578 2645 3519 2695 2700

dimension manageably small, the baryon-baryon separa-
tion is taken to be less than 6 fm in the calculation. The
details of solving the RGM equation can be found in
Ref. [63]. The main feature of the RGM is that for a system
consisting of two clusters, it can assume that the two
clusters are frozen inside and only consider the relative
motion between the two clusters.

The conventional ansatz for the two-cluster wave func-
tion is

weq = Allds, @5, @ y1.(R)), )

where the symbol A is the antisymmetrization operator.
With the SU(4) extension, both the light and heavy
quarks are considered as identical particles. So, we use
A = 1-9P34. [0] = [222] gives the total color symmetry,
and all other symbols have their usual meanings. ¢ is the
three-quark cluster wave function. From the variational
principle, after variation with respect to the relative motion
wave function y(R) = >, y;(R), one obtains the RGM
equation

J J

where H; ; and N, ; are the Hamiltonian matrix elements
and overlaps, respectively. In our previous work [54], we
presented a detailed derivation of this process, and further
details can be found in Ref. [63]. Besides, to keep the
matrix dimension manageably small, the baryon-baryon
separation is taken to be less than 6 fm in the calculation.
By solving the generalized energy problem, we can obtain
the energy and the corresponding wave functions of the
dibaryon system. On the basis of the RGM, we can further
calculate scattering problems to find resonance states.
Below, we will introduce the calculation process of
scattering phase shifts from two aspects: single-channel
and multichannel coupling.

For the single-channel scattering problem, the relative
wave function of the baryon-baryon is y(R). First, we
will utilize the Kohn-Hulthén-Kato(KHK) variational
method [64] to simplify the equation-solving process.

Let y(R) = u(R)/R; we know that for a scattering wave
function u; (R), it should satisfy the following boundary
conditions:

{ up(0)=0

up (R) = (W (k,R) + S,h\ (K, R)JR,  R>R¢

(11)

where hi are the Lth spherical Hankel functions, k is the
momentum of the relative motion with k = \/2uE,,,, i is
the reduced mass of two baryons of the open channel, E,,
is the incident energy of the relevant open channels, and R
is a cutoff radius beyond which all of the strong interactions
can be disregarded. The subscript L indicates the relative
motion wave function between two baryons. For ease of
notation, in the expressions u,, u;, ul", c;, and s;, the
subscript will be omitted; S; represents the scattering
matrix, and the relationship between the scattering matrix
and the scattering phase shift is satisfied:

SL = |SL|€2i5L. (12)

In order to obtain the wave function u;(R) and the
scattering matrix S; , we first introduce a trial wave function
u,(R) that satisfies the boundary conditions mentioned
above:

u,(0)=0
{ w,(R) = [W\ (k. R) + S,n\" (k. R)JR,  R>R¢

(13)

We expand this trial wave function using a series of known
wave functions u;(R):

w(R) =3 cai(R) (14

where c; are the expansion coefficients, and the ¢;’s satisfy
>, ¢; = 1. The value n is the number of Gaussian bases
(which is determined by the stability of the results). The
function u;(R) satisfies the condition

aul™ (R),

R <R¢
(W (k.R) +s,h 7 (k. R)R. R>Rc

Mi(R) =

(15)

Here, u"(R) is the relative motion wave function between
the two heavy quarks used in solving the double-heavy

114018-4



SEARCH FOR DOUBLY CHARMED DIBARYONS IN ...

PHYS. REV. D 111, 114018 (2025)

baryon bound state problem, represented by Gaussian wave
functions, with the specific form being

(in)
u; (R 3 3 (R2ar ) .3
! R( ) — \/4_ﬂ,'(2ﬂ_b2)€ 4b2<R T )lL]L <—ZWR7”[> .
(16)
Substituting Eq. (15) into Eq. (14), we obtain
(r)— 4 Ziociin” (R). R<Rc
Ml‘ = )
©olehy” (k.R)+cisih” (K.R)R. R>Re
(17)
where
St = Z CiS; (18)

Substituting this into the Schrodinger projection equation

(8¥'|H — E|¥) =0, (19)
we arrive at
Z‘CIJC]:MI (120,1,,}’1) (20)
=1
with
Li; = Kij = Kio = Ko; + Koo, (21)
./\/l,- = Mij - ’CiOa (22)
and
i(R P>
Kij = <¢A¢B ui(R) Y, u(R)|H - E|
MJ(R) N
Al dads =Y Lu(R)| ). (23)

By solving Eq. (20), we obtain the expansion coefficients
¢;. Then, the scattering matrix S; is given by

n

SL = S[ - iaZ}Col‘Ci.

i=0

(24)

— K
where a = T

For the case of multichannel coupling, the total wave
function can be written as

PO =3 "A@ 1 (R)] + Q) (c=ap). (25)
14

where W(©) denotes the relative-motion wave function
of the incident channel ¢ along with all the outgoing
channels, and y represents all the two-body channels. Here,
Q9 denotes the decay residue amplitude without the
inclusion of the previous term, which is generally negli-
gible and can usually be omitted. The asymptotic behavior

of 7\ (R,) is

AR =27 (k) RS+ S, (K, R,

R, >R (26)
Here, §,. represents the S-matrix element of ¢ — y; and

)Aﬂ satisfies the following conditions:

(i) For open channels,

+ | R
25 (kg Re) = mh&,}(fca,zea), R,>RS.  (27)
(i1)) For closed channels,
I&i)(k(l’ R(l) = Wéi) (k(l’ R(l)9 R(l > RS' (28)

a

Here, v, is the relative velocity of motion, v, = hk,/u,.
The variables W(Lf)(ka,Ra) have been discussed in
Ref. [64].

Similarly to the single-channel calculation, we first

introduce a trial wave function ‘PEC):

=Y Ao A ®)] + HI0, (c=ap). (29
Y 14

The asymptotic behavior of ;(ict) (R,) is

xﬁ? (R,) = xi_)(ky, R,)8,. + Syc,txﬁﬂ(ky, R,).

R, >R} (30)

Here, we also expand )(56)

wave functions:

(k,,R,) using a series of known

2IR)=3"CnuR). (c=ap) (31)
i=0
ayi”;(flin) (R,)). R, <Ry
Xri(Ry) =) (+) .
[y (k},,Ry) + 5,y (ky,Ry)]Ry, R, >Ry
(32)
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We can obtain

Yo =6 (c=ap) (33)
=0
Y s =S (c=ap) (34)
i=0

Using the same method as in the single-channel calculation,
we ultimately arrive at two sets of linear equations:

SN LisiCy+ D Ll =M. (c=ap)  (35)
5 j=1 H

S (©) (© _ g0 .
DD LusC+D Lubi =M (c=ap)  (36)
o j=I H

Equations (35) and (36) are valid forall y, and i = 1 — n,.

K s = / Al (H = E)Aslbaza)de.  (37)

Kosi = /Q;,I(H_ E)As(psys;ldr, (38)
K = / A Bz ) (H-E)Qdr. (39)
Ky = / &}, (H - E)Q, dr. (40)

Lyisi=Kisi —Kysi —Kyiso + K060 (41)

Ey,éj = ’Cu,éj - ’CD,EO’ (42)
Lyiy =Ky =Ko (43)
‘CI/.M = ’Cu,w (44)

MY = Ko+ Koo (e =af)  (45)

Yl

MI(JC) = _KI/.CO'(C = a, /}) (46)

By solving the systems of linear equations (35) and (36),
(

r
Eq. (33), we can obtain an approximate S-matrix element

Syc,- Following a procedure similar to that used in the

we can determine C f) and b, Substituting these into

single-channel case, we can ultimately derive a stable
S-matrix element Sg,

ik (@ (@
S/}a,sz:Sﬂa,t—? E E Kio,iC,i +§ Kpo by |-
y i=0 v
(47)

After obtaining the scattering matrix elements, calcu-
lating the scattering phase shifts needs to be discussed
under different circumstances, taking two-channel cou-
pling calculation as an example. (i) In the first case, the
two channels include an open channel and a closed
channel. The scattering phase shift of the open channel
is affected by the closed channel. After using the afore-
mentioned method to obtain the scattering matrix element
of the open channel, substituting it into Eq. (12) will yield
the scattering phase shift. (ii) In the second case, both
channels are open channels. Four scattering matrix
elements (S, Si2, 5,1, and S,,) will be obtained, which
forms a 2 x 2 matrix. Two eigenvalues can be obtained by
diagonalizing the 2 x 2 matrix, corresponding to the
scattering matrix elements of the two open channels.
Substituting these two scattering matrix elements into
Eq. (12) separately will give the scattering phase shifts for
both open channels.

Through the scattering process, not only can we better
study the interaction between hadrons, but it can also help
us research resonance states. The general scattering phase
shift diagram should be a smooth curve—that is, the phase
shift will change gently as the incident energy increases.
But in some cases, the phase shift will be abrupt, and the
change will be more than 90 degrees, which is the
resonance phenomena. The rapid phase change is a general
feature of resonance phenomena; see Fig. 1. The incident
energy at which the phase shift is 7 corresponds to the
resonance energy (M’ in Fig. 1), and the difference of the
energies with phase shifts %” and 7 gives the partial decay
width of the resonance (I" in Fig. 1).

3n/4
|2}
=
G
[} TE/2
(2]
(3]
<
o

n/4

-— i —e
M Energy
FIG. 1. The resonance phenomena in scattering phase shifts.
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III. RESULTS AND DISCUSSIONS

In this work, we perform a systematical investigation of
the S-wave doubly charmed dibaryon systems with strange-
ness S = 0, -2, —4, isospin / = 0, and angular momentum
J =1. To study the interaction between two hadrons,
we calculate the effective potential of the system. Then,
a dynamic calculation is carried out to search for bound
states. Besides this, the scattering process is also inves-
tigated to look for the existence of any resonance states.

A. Effective potentials

The effective potential between two baryons is shown as

V(S;) = E(S;) — E(e). (48)

where S; stands for the distance between two clusters and
E(o0) stands for a sufficient large distance of two clusters,
and the expression of E(S;) is as follows:

(Weoq (Si)|H[Peq(S;))
(Woq (S:)[Wey(S:))

E(S;) = (49)

We,(S;) represents the wave function of a certain channel.
Besides this, (W, (S;)[H|¥e,(S;)) and (We,(S:)[We,(S:))
are the Hamiltonian matrix and the overlap of the states.
The effective potentials of all channels with different
strange numbers are shown in Figs. 2—4.

For the S = 0 system, as shown in Fig. 2, there are three
channels, among which the NE}. channel is repulsive
and the other two channels are attractive—one is the
NE.. channel with weak attraction, and the other is the
2.2 channel with stronger attraction, which indicates that
the X£.X} channel is more likely to form a bound state or
resonance state.

The § = —2 system is a complicated system with 13
channels. From Fig. 3, we can see that the potentials of the

250

N=
oo
200 NE
o
s0F SN EE.
N
100 | \
3 -
2 s}
> 0 LT
-50
100
150 N 1 N 1 N 1 N 1 N 1 N
0.0 05 1.0 15 2.0 25 3.0

S(fm)

FIG. 2. The effective potentials of different channels of the
doubly charmed dibaryon with S = 0.

200

150 - o
100 P g =
< =
[0}
=3 50
o
>
0
0l
-100 1 400 —
0 1 2 3 0 1 2 3
S (fm)
FIG. 3. The effective potentials of different channels of the

doubly charmed dibaryon with § = —2.

A.Q, and AQ,. channels are repulsive, while the potentials
for the other 11 channels are attractive. Among these 11
channels, the attraction of E.E, and EXE!, is much stronger
than that of other attractive channels, which implies that it
is more possible for E.E,. and ZE/. to form bound states or
resonance states.

For the S = —4 system, seen in Fig. 4, there are only
three channels, which are Q. Q% QQ¥ ., and QQ... The
potentials of these channels are all purely repulsive.
Therefore, it is difficult for these channels to form any
bound state. However, we still need to confirm the
existence of bound states or resonance states by performing
the dynamic calculations.

In addition, to investigate the interactions between two
baryons in detail, we calculate the contribution of each
interaction term to the effective potential, including the
kinetic energy (V ), the confinement (V ), the Coulomb
(Vcoulomb)> the chromomagnetic interaction (Vi ), the
one-boson exchange (V,, Vg, and Vﬂ), the heavy-meson

—o0Q,
160 | .
————— QO
o
Q0
-
120 |
3
S eop
a_
=
40
0 —
" 1 " 1 1 1 " 1 "
0.0 05 1.0 2.0 25 3.0

1.5
S (fm)

FIG. 4. The effective potentials of different channels of the
doubly charmed dibaryon with § = —4.
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150

Vtota\
\ - Vvk
100
N VCou\omb
\ T VCMI
50 - N eV,
S
(0]
=3
5_
>
- 50
-100 F -100 |-
(a) (b)
-150 L L 150 L L
0 1 2 3 0 1 2 3
S, (fm)
FIG.5. The contributions to the effective potential from various

interaction terms of the doubly charmed dibaryon with § = -2
(a) B.E,, (b) A.Q..

exchange (Vp, Vp , and V, ), and the o-meson exchange
(V,). To save space, we take two doubly charmed dibaryon
channels with the § = —2 system as an example here. One
is the channel Z2.E_. with a deep attractive potential, and the
other is the channel A Q. with a pure repulsive potential, as
shown in Fig. 5. Due to the fact that both baryon clusters
are color singlets, the confinement potential between them
is zero. Additionally, since the contributions of the meson
exchange interactions (z, K, n, D, D,, and D) to the
effective potentials are relatively small, they are not shown
in Fig. 5. For the E.E,. channel, shown in Fig. 5(a),
although the kinetic energy term provides repulsive inter-
action, the attraction provided by Coulomb potential is
quite significant, while the potentials of the CMI and the
o-meson exchange also provide weak attraction, resulting
in a deep attraction in the overall interaction of the E .2,
channel. For the A.Q. channel, shown in Fig. 5(b),
although the Coulomb potential provides some attraction,
it is not sufficient, being less than 50 MeV. The kinetic
energy term and the CMI provide repulsive interaction.
In addition, since the o-meson only exchanges between u
and d quarks, it does not work between A, and Q.. Thus,
this channel exhibits a repulsive effective potential.

B. Bound state calculation

In order to see whether there is any bound state, a
dynamic calculation based on the RGM [63] has been
performed. The energies of each channel, as well as the one
with the channel coupling calculation, are listed in
Tables III-V. The first column is the state of every channel;
the second column E,;, denotes the theoretical threshold of
each corresponding state; the third column E,. represents
the energy of every single channel; the fourth column By,
stands for the binding energy of every single channel,
which is B, = E,. — E,;; the fifth column E_. denotes the
lowest energy of the system by channel coupling

TABLE III. The energy (in MeV) of § = 0 for the charmed
dibaryon systems.

Eth Esc Bsc Ecc
Channels (MeV) (MeV) MeV) MeV) B, (MeV)
NE,., 4425.83 4431.70 ub 4431.61 ub

B, 4458.63 4466.05  ub
I 4865.68 4820.35 —45.33

calculation; and the last column B, represents the binding
energy with all channels coupling, which is B,.. =
E..— E,. Here, we should notice that when the state is
unbound, we label it as “ub.”

S = 0: The single-channel calculation shows that the
channel X.X} is a bound state with the binding energy
—45 MeV (see Table III). This conclusion is consistent
with the property that there is a strong effective attraction
of this channel. However, for the NZ.. and NZ,. channels,
the energies are above their corresponding thresholds due
to the weak attraction and repulsion of these channels, so
neither of these channels is bound. For the calculation of
the channel coupling, the lowest energy is still above the
lowest threshold (NE,.). Therefore, for this system, no
bound state below the lowest threshold is found. For the
higher-energy single-channel bound state X X7, it can
couple with the open channels, and the scattering process
is needed to determine whether the £ X} is a resonance
state or not, which will be discussed in Sec. III C.

S = —2: Table IV shows that both the E.E,. and E}Z/
channels are bound with the bounding energies —22 MeV
and —10 MeV, respectively, while the other 11 channels are
unbound. This is in good agreement with the result of the
effective potentials. After the channel coupling calculation,
the lowest energy of this system is 4741 MeV (still higher
than the threshold of the lowest channel AQ,..), which

TABLE IV. The energy (in MeV) of S = —2 for the charmed
dibaryon systems.

Eth Esc Bsc Ecc Bcc
Channels  (MeV) MeV) MeV) MeV) (MeV)
A.Q, 4920.59 492548 ub 4741.10 ub
AQ, 475346 4758.12 ub
EE.. 4830.97 4831.83 ub
BB, 4900.84 4879.32 -21.52
E.E. 4996.49  5000.57 ub
A 5092.14  5096.01 ub
E*E,. 4999.74  5001.45 ub
E.E; 5021.79  5025.93 ub
=B 5117.44 510743 -10.01
=B 4863.77 4864.49 ub
=B 5032.54  5035.12 ub
e 514274  5146.35 ub
AQ,. 4736.79  4741.03 ub
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TABLE V. The energy (in MeV) of § = —4 for the charmed
dibaryon systems.

Eth Esc Bsc Ecc Bcc
Channels (MeV) (MeV) (MeV) (MeV) (MeV)
Q.QF 5409.71  5413.42 ub 5303.93 ub
QO 5317.31  5320.97 ub
QQ.. 5299.52  5303.98 ub

indicates that there is no bound state below the lowest
threshold for this system. Further calculation of the
scattering process is needed to find any resonance state.

S = —4: As shown in Table V, all of the channels Q_.Q,
QQ;., and QQ.. are unbound. This is reasonable. The
attractions of all three of these channels are purely
repulsive, as shown in Fig. 4, so they cannot form any
bound state. The lowest energy of the system is still higher
than the lowest threshold of the QQ.. channel by the
channel coupling calculation, which indicates that the
system with S = —4 is unbound.

C. Resonance states

As mentioned above, some channels are bound due to the
strong attractions of the system. However, these states will
decay to the corresponding open channels by coupling with
them and become resonance states. Besides, some states
will become scattering states by the effect of coupling to
both the open and closed channels. To further check the
existence of the resonance states, we studied the scattering
phase shifts of all possible open channels. Since no
resonance states are obtained in the S = —4 system, we
only show the scattering phase shifts of the S =0 and
S = -2 systems here.

In the S =0 system, only one bound state X.2% i
obtained, and there are two open channels: NE,.. and NE..
We analyze the two-channel coupling with the bound state
and a related open channel. The general features of the
calculated results are as follows.

In the NZ,., scattering process, as shown in Fig. 6(a),
2 X% does not behave as a resonance state. However, at the
point where the incident energy is around 440 MeV, a cusp
appears, and with the addition of the threshold for channel
NE.., the energy corresponds exactly to the threshold for
channel X.%%. This indicates that at the cusp point, the
channel X X} has become an open channel. The reason why
no resonance state appears is that the X X7 channel is
pushed above the threshold value with the influence of the
channel coupling effect. At the same time, as shown in
Fig. 6(b), there is no sharp increase in phase shift as the
incident energy increases. We examined a series of the
cross matrix elements between NE},. and X .X;—they are
all close to zero, which means that the coupling between

2. and Z X% is very weak, so it is difficult to form a
resonance state.

150 150
(a) (b)
100 | 100 |
>
[0
z
£ 50} 50 |
ey
(7]
(0]
(2]
(]
=
o
ol ot
-50 n 1 n 1 n 1 n 1 n -50 n 1 n 1 n 1 n
0 100 200 300 400 500 0 100 200 300 400
E  (MeV)
c.m.

FIG. 6. The phase shift with two-channel coupling for the S =
0 system. (a) NE,.. + Z.Z;, (b) NE;. + X 2.

Here, we should note that the horizontal axis E_,, in
Fig. 6 is the incident energy without the theoretical threshold
of the corresponding open channel. So the theoretical
resonance mass M’ is obtained by adding E., and the
theoretical threshold of the corresponding open channel. In
order to minimize the theoretical errors and compare our
predictions with future experimental data, we shift the
theoretical resonance mass by M = M’ — E;, + E.y,, where
Ey, and E.,, are the theoretical and experimental thresholds
of the resonance state respectively. Taking the resonance
state Z*E/. in the E} .= channel as an example, the resonance
mass shown in Fig. 8(a) is M’ = 5104 MeV, the theoretical
threshold is M,, = 5117 MeV, and the experimental thresh-
old is M., = 5223 MeV. Then, the final experimental
resonance mass M = 5104-5117 + 5223 = 5210 MeV.
In the following discussion, we will directly provide the
resonance mass after the mass shift.

In the S = —2 system, as is listed in Table IV, there are
two bound states in the single-channel calculation, which
are 2,5, and Z;E/. Tt is worth mentioning that we analyze
two types of channel coupling in this work. The first is the
two-channel coupling with a singly bound state and a
related open channel, while the other is the multichannel
coupling with two bound states and the corresponding open
channels. The general features of the calculated results are
as follows. Before calculating the scattering phase shifts,
the cross matrix elements were first computed. It was found
that for the closed channel Z,.Z,., the cross matrix elements
with the channels AQ;,. and EE,_. are 0. Therefore, for the
closed channel E.Z,, its open channels are Z7.Z and AQ,..
For the closed channel 22/, the cross matrix elements w1th
the channels AQ},., EZ, ., E.E., and E;.E* are also zero.

et ) ==

Hence, the other six channels AQ,.., E:.E, A.Q., 2.5,

*

E*E.., and E.Z will serve as the open channels for the
=k

closed channel E;=/..
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FIG. 7. The phase shift with two-channel coupling for the

S = -2 system: (a) E; . E+ E.E., (b) AQ.. +E.E,.
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To search for the E.E. resonance state, the scattering
phase shifts of the open channels E;.Z and AQ.. are
calculated, as shown in Fig. 7. From F1g 7(a), one can see
that the scattering phase shifts of the =} .2 channel changes
smoothly as the incident energy increases, indicating that
the E.E. becomes a scattering state after coupling with
= .8, although E_E. is a bound state in the single-channel
calculation. For the open channel AQ.., as shown in
Fig. 7(b), the phase shifts exhibit a resonance state with
a decay width 57.0 MeV. This indicates that Z.E_. behaves
as a resonance state in the AQ,.. scattering process. The
theoretical resonance mass is 4898 MeV, and the exper-
imental resonance mass is 4938 MeV after the mass shift.
Although the E.Z. exhibits a resonance state in the
scattering process with the open channel AQ..., the E .2,
disappears in the :ﬁc: scattering phase shifts, it will decay
through the E}.E open channel. So, the Z.E, cannot be
identified as a resonance state.

To search for the Z*Z/ resonance state, the scattering

==/

phase shifts of six open channels E}.E, AQ.., A.Q., E.E.,

=*E.., and E.E} are calculated, as shown in Fig. 8. It is

obvious that the EXE! performs as a resonance state in
all six of these open channels. The resonance masses and
decay widths of the E;E. in the above six open channels
are M; = 5212 MeV, T'y =5.7 MeV; M, = 5212 MeV,
I’ =23.0 MeV; M3 =5187 MeV, I3 =345 MeV;
M, =5203 MeV, TI4=9.6MeV; Ms=5224 MeV,
I's =7.7MeV; and Mg = 5199 MeV, I'¢ =4.7 MeV,
respectively. Finally, the total decay width of this resonance
state 1s 84.6 MeV. However, further calculations of multi-
channel coupling are needed to confirm whether this state is
a resonance state or not.

For the case of multichannel coupling, considering two
closed channels E.E. and E}Z., their common open
channels are AQ.. and Z;.Z. To further investigate the
effect of channel coupling, we will calculate the following

cases separately:

(a) (b)
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FIG. 8. The phase shift with two-channel coupling for the
S = =2 system: (a) T5,E + B1EL, (b) AQ, + E:E., (¢) A Q.+

EiEl, (&) BB, + EE,, (&) BB, + EE, (

= o H*r—!/

(1) AQ,.. + E.E,. + E:EL: The phase shifts of the open
channel AQ,. coupling with two closed channels
E.E. and EXE. are calculated, which are shown in
Fig. 9. It is obvious that as the incident energy
increases, there are two abrupt changes in the
scattering phase shift, indicating the possible exist-
ence of two resonance states during this scattering
process, which are 2.2, and E*E/.. The resonance
masses and decay widths are 4932 MeV and
196 MeV for E.E. and 5213 MeV and
18.8 MeV for E:E], respectively.

(2) Ei.E+ E.E. + EiE.: The phase shifts of the open

—

channel =} .E coupling with two closed channels

400

)

S

o

@

g

0 ' 1(IJO ' znlno ' 3(IJO ' 4(I)O
E.,, (MeV)

FIG. 9. The phase shift with multichannel coupling

(AQq, + E B, + EXEL) for the S = —2 system.

c=c
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coupling

=
‘—‘CCH

E.E. and EXE. are calculated, which are shown in

Fig. 10. It can be seen that the phase shifts of the

2% .E channel are different from those of the AQ,.
channels. When the incident energy is close to 0, the
scattering phase shift approaches 180° indicating
that the E}.E channel becomes a bound state with
the effect of the channel coupling. As the incident
energy increases, a resonance state 255/, is obtained
with the resonance mass and decay width 5214 MeV
and 5.82 MeV, respectively. However, the E.E,. state
transforms into a scattering state with the effect of
the channel coupling.

3) AQ.. +EiE+E.E. + E:E.: Since .2 becomes
a bound state after the above three-channel coupling,
we study the scattering process of the open channel

AQCC coupling with three closed channels: =} .E,

E.E,, and E;E., which are shown in Fig. 11. There
are two sharp changes of approximately 180° in the
AQ.. channel scattering process. According to the
above analysis, after the channel coupling, E5.2
becomes a bound state, while E,.Z,. transforms into a
scattering state. Besides, the theoretical resonance
mass for the first resonance is M’ = 4858 MeV,
lower than the threshold of = .Z. Therefore, the first
resonance is predominantly constituted by Z}.E. The
experimental resonance mass is 5081 MeV and the
decay width is 0.3 MeV. It should be noted that due
to the absence of experimental observations of the
EY. state, the experimental value for E}, utilized in
this context is derived from lattice QCD [65]. The
theoretical resonance mass for the second resonance
is M' = 5107 MeV, slightly below the threshold of
E:EL; hence, the second resonance state is E;Z..
The final experimental resonance mass and decay
width are 5213 MeV and 19.8 MeV, respectively
To search for the above resonances Zf.E and E;E., we

propose probing through their AQ, decay channel. From

400

300
>
()
o
w200
E=
e
[
3
&8
£ 100
0
n 1 n 1 n 1 n 1 n 1
0 100 200 300 400 500
E,., (MeV)
FIG. 11. The phase shift with multichannel coupling

e denld

(AQ.. + EiE+EE. + EE,) for the S = —2 system.

our calculation, the possible two-body decay channel of
two resonances are AQ... The A can be identified by pz~,
and the identification of Qf, is difficult. It can decay
to EFXD°. Subsequently, ZF and D° can be detected via
Ef - 22727 and D° — K%Ty,. While this offers a
possible pathway for experimental detection, the complex-
ity of multiple decay stages makes identifying these
resonances highly challenging.

IV. SUMMARY

Finding dibaryon states is one of the research hotspots in
hadron physics. The dibaryon states containing u, d, and s
quarks have been systematically studied, and as more and
more charmed multiquark states are discovered, we are very
interested in studying charmed dibaryon states. Since the
deuteron is currently the only confirmed dibaryon state
with a quantum number of 7/ = 01, we can first study the
charmed dibaryon states similar to the deuteron. We have
studied the singly charmed deuteron-like dibaryon states
and predicted some possible states [54]. This work focuses
on the study of the doubly charmed deuteron-like dibaryon
states. Therefore, the quantum number is limited to
C = +2 and IJ = 01. Under this limitation, the strange-
ness of the dibaryon system can only be S = 0, —2, or —4.
We will continue to study charmed dibaryon systems with
other quantum numbers, and finally conduct a systematic
search for all dibaryon systems, which will be a very
challenging task. Herein, the effective potentials are calcu-
lated to explore the interactions between two baryons.
Both the single-channel and the coupled-channel dynamic
bound-state calculations are carried out to search for
possible states. Meanwhile, the study of the scattering
process of the open channels is carried out to confirm
possible resonance states. Since the result of the system
with § = —4 is unbound, we will only provide the results of
S =0 and S = -2 below.
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For the § = 0 system, the attractions between X X} are
large enough to form singly bound states. However, after
coupling with the corresponding open channels NE.. and

= ., X.Zf becomes a scattering state.

For the § = -2 system, according to the numerical
results, the attractions between E. and Z., E., and E}
are large enough to form singly bound states Z.E. and
=:EL. However, these states can couple with the corre-
sponding open channels, and become resonance states
or scattering states. By including the effect of channel
coupling, two resonance states are obtained, which are
& .2 with resonance mass and decay width 5081 MeV and
0.3 MeV, and the E:E. state with the mass and width
5213 MeV and 19.8 MeV, respectively. Both states pre-
dominantly decay through the A€Q.. channel. All these
dibaryons are worth searching for in experiments, although
it will be a challenging subject.

In this work, fewer charmed dibaryon resonance states
are obtained by comparing with the work of various
approaches, such as the chiral effective field theory [34],
the chromomagnetic interaction model [31], the QCD sum
rules [30], and so on. More bound states are obtained in the
single-channel calculation. However, the observable of
these states depends on its coupling to the open channels.
The coupling can shift the energy of the resonance, give width
to the resonance, and even destroy the resonance. Therefore,
to provide the necessary information for experiments to
search for exotic hadron states, mass spectrum calculations
alone are not enough. The coupling calculation between the
bound channels and open channels is indispensable.
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APPENDIX

Here, we only list the wave functions we used in this
work. The spin wave function of a ¢* cluster is labeled as
X$s.» where s and s, are the spin quantum number and the
third component, respectively. For wave functions with the
same quantum number but different symmetries, we dis-
tinguish them with different numbers. For example, )(;; and

22 represent, respectively, the symmetric and antisymmet-
22

ric spin wave functions with spin quantum number %

)(5’3 = aaa,

;(g L = % (aap + apa + paa),
s \if (@B + o + o),
)(gi 3= ﬁﬁﬂ,

1
7} = \[¢(2aap — apa - paa).

;{f}—\/ (afa — paa),

1

7= \/gwﬂﬂ + ap - 2ppa).
1

72y = \é(aﬁﬂ - pap).

The flavor wave functions of the ¢° cluster )(5 ; (Iand I,

are the isospin quantum number and the third component,
respectively) are as follows. Here, both the light and heavy
quarks are considered as identical particles with the SU(4)
extension.

1
0’10 =5 (usd + sud — sdu — dsu),
1
0’20 =4 /ﬁ(Zuds —2dsu + sdu + usd — sud — dsu),
1
)((’?0 =3 (ucd + cud — cdu — dcu),

1
Oi) = /E(Zucd —2dcu + cdu + ucd — cud — dcu),

)({)0 = \/7 2ss5Cc — scs — css),

1o = \[ (scs — css),

1
)(6_70 = \/;(ssc + scs + css),
Xbo =
0.0 = 5SS,

1
)(g_% =3 (des + cds — csd — scd),
1
)(fz_l = “EQdSC —2sdc + csd + des — cds — scd),

1
Xy = \/g(udd + dud — 2ddu),
22

1
[f = \/:(udd — dud),
77 2
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1 1
= \/E(2dsc + 2sdc — csd — des — cds — scd), )({é_] = \/;(dds + dsd + sdd),
22
1
f6  _ 1
X = E(dcs + scd — csd — cds), ;(flo = W/E(Zuds + 2dus — sdu — usd — sud — dsu),
T = \/K(dss + sds - 2s5d n_1
1= 6( ss + sds — 2ssd), xlqozi(usd—i—dsu—sdu—sud),
/8 1 f3 1
0 = E(dss—sds), Xio= E(Zudc—l—Zduc—cdu—ucd—cud—dcu),
9 1 f“:l( d + deu — cdu — cud)
)({__1: 6(dsc+sdc+csd+dcs+cds+scd), X0 = 5 HC cu —cau—cud),
1
110 _ \/g(dss—l—sds—l—ssd), )((50 = \/%(udc—i—duc—ﬁ—cdu—l—ucd—i—cud—i—dcu),
1,
1
: 6
A= \/g(Zuud—udu—duu), o= \/%(uds—&—dus+sdu+usd—|—sud+dsu),
22

1
. 1 1 3 3
)(f = \/;(udu — duu), )({'1 = 6(2WS usu — suu),
3 1 2 1
7l zz(ucs—kcus—csu—scu), X{,l = 5(””‘_5””)7
L
/4_ _1(2 s¢ — 2suc + csu + ucs — cus — scu) )(f3— 1(2uuc—ucu—cuu)
4TV u uu u u), 11 =\g ,

: 1 - 1
= /ﬁ(2usc + 2suc — csu — ucs — cus — scu), = \/;(ucu —cuu),

272 ’
i 1 f5 1

11= 5(”“ + scu — csu — cus), = g(uuc +ucu + cuu),

- 1

7 _ 1
)(g% = \/;(MSS + sus — ZSSM)a 1,6] — \/;(uus + usu + suu),
= 1(uss — sus)

m\2 ’ The color wave function of a color-singlet ¢* cluster is

N

r_ /]
= g(usc + suc + csu + ucs + cus + scu),

11
22

1
A0 = \/;(uss + sus + ssu),
22

1
¥ = \/;(rgb —rbg + gbr — grb + brg — bgr).

The total flavor-spin-color wave function of the dibaryon
| 1 system can be acquired by substituting the wave functions
)f{ -1= E(de‘/’ —dcd — cdd), of the flavor, the spin, and the color parts according to the
given quantum number of the system, and the total flavor-

1{2_1 — \/I (ded — cdd), spin-color wave function for each channel is shown as
follows. ¢ s, Tepresents the wave function of the q° cluster

, 1 (I, and s, are the third components of the isospin and spin
3 — — — —_ Z Z
X{-—l - \/7(2dds dsd — sdd), quantum numbers, and B is the corresponding baryon).

Then we couple the two baryon wave functions by
\/7(dsd —sdd), Clebsch-Gordan coefficients according to the total quantum
number requirement, and we can obtain the total wave
functions. There are three channels for the C =2, S =0

1
)((:5_1 - \/;(ddc +dcd + cdd), system:

)({.4—1 =
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1 = = 3 — —
—_ P 4B =, ke \ = s = s
INE.o) =1\/5 [¢l D =P ﬂ ) |E*Ef.) = [¢l§ T
217227 22 27 22 20L" 22" 272 7 272
31 = = T ¢E?C}
* _ = P Sce 1_1 13 1_1¥13
|N:cc> - g [‘iﬁ_fxﬁb_L 1 451 3 ¢ﬂ _l] T2
72 23 2

7 s 5 s s S FAEH) — i{:f‘ B _ 4%
[Si2) = 5 | #7305~ By + o B8 =\ 40~ P

Lr,s 5 ¥,y b +¢}:§1 —33_(;553; 1¢151}
A= |PT P = PP Cl], 2?72 722 T2
12[ Ia7=1; 705705 —1371s

nine channels for the C =2, S = -2 system:
and three channels for the C = 2,5 = —4 system:

AQec) = D55 3 I
200 Qe [0 1Q
‘ACQC> - ¢g%¢§;v |QQ“> o \/;¢0,%¢0,—% \/;¢0,%¢0,% ’

3 o 1 o
3 « 1 * 2 Qe Q0 Q
AQL) = \/%453_;453? * \/;@3,%453;% octee) = \/;4)0,%4)0,_% \/;"50,%"%,%’

- * 3 Q Q0
:cz‘:| , |QQCC> = E 0%¢0‘_%

- 2 . 3 .
= ™ - — . Q QL'C - Q Q('l'
107, - 0% 00 \/5"’04%% TV 10%0-008

where the expression of ¢? s shown as follows:
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